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. I, Infrared Spectrum of Sulfur Dioxide -

The infrared-active Qibration—rotationrfundamentals of sulfur dioxide,
328¥605, have been measured with moderateiy high spectrzl resolution. Quantum
number aﬁsignments.have been made for spectfal lines by comparisioﬁ_with
thgnreticaily computed line positions and intensities;_which include the
effects of centrifugal distortion. ‘New improved values for the band centers
. have beeﬁ determined. Intensities of the observed lines haﬁe also beeﬁ
computed. Dipole gomenﬁ derivatives have been obtained. The technical
“details of this work were reported1 at the Ohid State University Symposium

on Molecular Structure and Spectroscopy, Columbus, Ohio held during 12-16

June 1972; in papers published in the Journal of Chemical thsics2 and in

Chemical thsics Lettersa; and in a research report4 compriging important
data too extensive.to be published in the open literature.

In addition, the infrared—active vibration;rotation combination band
V1 + vy of 3251602 has been ﬁeasured with moderately high spectral resclu-
tion., Quaﬁfﬁﬁ number identifications of spectral linés were made by
comparison with theoretically computed spectra which include the effecﬁs
of centrifugal distortion. Relative line intensities were also calculated.
| A new improved band center for vy + Vg has been determined. The technical
details of this work were presented extensively in a research reporfs. It
1s anticipated that short summaries will also be given at an open meeting
and in the open literature in 1973. Some implications of this work for air
pollution were aiscussed§ at the Symposium on the Use of Astronomiﬁal

Techniques for the Study of AtmospheriC'Deterioratidn, held at the University

of Washington, Seattle, Washington on 13 April 1972.
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Self-broadened and forgign—gas'(bl2 aﬁd.oz) pressure-ﬁréadened line-
widths of 80, and NO, have been calculaﬁgd. Computed values of linewidths
are In good agreement with all the available experimental resulfs and othér
TLeported theoreticalrcalculationslon four selffﬁroadened and one nitroggn—
broadened line based upon another theory.. Air-broadened linewidths have
5 8t 200, 250, and 300°K. Thé technical details of

this work were.reported? at the First International Conference on Speétral

been calculated for S0

Lines, held at The University of Tennessee, Knoxville, Tennessee during
28 August ~ 1 September 1972; in a paperB published in the Journal of

Chemical Physics; and in a research report9 comprising important data too

extensive to be published in the open literature. Additional calculations
felatéd to self-broadened pure rotation transitions recently measured in
502 have bee; submitted for publicationle.

The measurement and andlysis of the infrared-active vibration-
rotation fundamental bands of nitrogen dioxide were not completed primarily for
two reasons. First, technical difficulties related to the need for measure-
ments at hi;;ﬁtemperatpres proved insurmountable with our limited equipment.
And second, it was brought to our attention privately that data of ﬁigher
resolution had been obtained elsewhere, and was being analyzed. Consequently,
we judged that cur time and resources could be better spent in extending our
work on sulfur dioxide. Should suitable resources become available to us
"in the future, we would réconsider a program of measurements and analyses
of NOZ; | | \

Our results are potentially applicable to studies of the terrestrial

atmosphere where sulfur dioxide and nittogen dicxide play serious roles ag



pollutants. High-résolution infréred sfectroscoéy is a possible tecgnique
for the remote detection and monitoring,of-thése molecules in situ. TFor
example; maﬁochromatic laser eﬁissions may be useful for studying terrestrial.
SOZ:inabsorption. We found séveral relatively iso;ated and moderately

-atrong 502 lines in our laboratory spectra, with observed positions which -

1,2,4

fall close to observed laser oscillations. Although the spectral

coincidences are not exact for all of the lines, nevertheless the spectral

broadening by air will produce sufficient overlapping of the lines in

-9

question.' It is also possible that the v, + Vg band of terrestrial 802

1
may appear In solar spectra, and be susceptible to analysis there. Our
intensity studies will aid in the determination of concentrations of
2’ _ )

Incidentally, we note that the vy + vy band of SO2 was reécently considered
in a determination of detectibility of this gas Iin the étmosphere of the

atmospheric” SO

planet Mars. An upper limit approximately 300 times smaller tlian the
ferrestria%/gtmospheric value was established, on the basis of the v, funda-

in the Martian atmosphere,

mental, for 802

There is considerable value, from a2 fundamental spectroscepic viewpoint,
in studying gases like 502 and N02 at even higher regolution in the.ihfrared.
Such studies would permit a more cémple;e determination of vibration-rotation
line éositions and intensities,'as well as quantum-number assignments.
Further, it would be possible to measure line-shapes and 1ine-broadening
parameters as a function of vibration and/or rotation quantuym numbers.

IT. Raman Spectroscﬁpy | |

Our original goal was to measure the fundamental vibration-rotation

-

Raman bands of 502 and N02 in the gas phase with a resolutlon in the range
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of 0.l‘cm-l, and to analyse the observed spectra in a manmer similar‘to
that which was done for the infrared bands. The spectfometer which was to
be used for measuring the Raman spectfa was constructed in the Chemistry
Department, and it had barely been completed at the beginning of this
project., Qur initial work with SO2 showed that the spectrometer would
indeed produce the resolution expected, but some improvements would be
requireé in qrder to produce spectré of the best duality. The folléwing
major improvements were made:
l.I'A new and improved optical system was constructed for focusing
and multi-passing the laser beam through a gas sample. It also
serves to collect the Raman radiation and foaus.it onto the
monochromatér slit; |
2'v Thé‘gir conditioning and filtering system was replaced and
improved in order to reduce the concentration of dust particles
in the room. (The cost éf this change was borne by fhe University.)
3. The photon counting system was modified to réduce the level of

random noise in the recorded signai. It is now functioning very

near the 1owest-possible noise level.

It was necessary to'sepd our photomultiplier housing and refrigera-
tion system back to the manufacturer for some of these modifications.- At
the writing of this reporf the equipment has been back in our hands only
four days, and this has permitted us time only for some gcans of the vy
band. This band 13 not as stfong as we had hoped to find it. It appears
that the inteng’ty in the P and R branches of the band is such that 0.2 cm_l
is the minimum slit width that we can use for observations of vi and.v3.
This should be gufficient to perform an analysis of at least Vq by computing

the expected spectrum in the same manner as was done for the fundamentals

in the infrared spectrum.



The Q branch of,ul is about 500 times more intense at the peak than
the ﬁaximﬁm intensities in the P and R branches., The Q branch was scanned
with a spectral slit width slightly less than 0.10'cm71, and its maximum
was observedlat 1151.95 cm—l. This maximum is not expecited to coincide
with the band origin, so this.value is iﬁ satisfactory agreement with the
value pf 1151.65cm_1 determined from the infrared spectrum.-4

It should'be noted here that, while we have not completed the work
originally proposed because of the necessity of lmproving the spectrometer
system, the work of.scanning and analyzing the fundamentals 6f SO2 and NO2
willrproceed under alternative funding, and the results will be published
in the.opeﬁ\literature. |

Our preliminary thecoretical studies relevant to Ramén spectra of’

SO2 And N02 indicate a high probability of success in analyzing high-
resolution laser Raman spectra of gases. These studies have led us to

generate a new proposal, submitted_to the Office of Naval Research
(ProjectlSquid), on the measurement and analysis of line positicms,
inteﬁsitiés, and pressuré—broadened widths in vibration-rotation Raman

bands ofrgases. This proposal has received a favorable preliminary

review, on the basis of which we have been invited to makg an in-person presen-

tation of our research plans.



I1I. Impact of Graht on The University of Tennessee

The impact of this grant on The ﬁnivefsity of Tennessee, Knoxville,
has been gignificant. One effect is the establishment of the Earth
Resources and Astrophysics Laboratory (ERAL) in the Department of Physics.
and Astronomy, with Dr. Kennethr Fox as its directo.r. Currently, research
programs in spectroscopy of atmosphergs; gupported by the National Science
- Foundation and the Air Force Cambridge Resea?ch_Laboratories, are being
carried out in this Laboratory under'the direction of Dr. Fox.

Another effect has been the infusion of new persoqﬁel"into the research
programs of the.University and‘the Laboratory. In particular, the UT/NASA |
grant.made it.poésiﬁle to attract Dr. Tejwéni to the University. He recently
récgived hi;'Ph.D. from the State University of New York at Stonj Brook,
and is already recognized internationally for his work on pressure*broadeﬁing
caiculations in spéctrcscoPy. We have been able tﬁ'support Dr, Tejwani
beyond the tgrmiﬂatibn'of the UT/NASA grant, by means of other programs in
ERAL, Duriﬁé’the Summer of 1972, Dr. Bernmard Bobin from the Labératory of
Molecular Spectronomy, University of Dijon, France, was a postdoctoral
reseafch agsociate in our Laboratory. Also, currently doing research in -

~ ERAL afe Ms. Francoise Michelot (from Dijonj and Mr. Raymond J.,Corice,-Jr.
This grant has also made it posgible to'complétg the tonstrﬁction of

a high resolution Raman spectrometer system fbr gases and to establish a

" Raman Spectroscopy Laboratory, which is under the direction of Dr. Fletcher

in thé Department of Chemistry. It has also provided funds to hire

Dr; John 5. Rayside, who has had prior experiehce in laser Raman spectros-—

copy and with photon counting systems. Dr. Rayside will continue work in



this 1ab6ratorj-under funding from NSF. It is'probable that the work in
progiess under the support of this UT/ﬁASA’grant ﬁas a significant
factor in securing the gr;nt'from NSF. |

Effectﬁ related td national interests in extending knowledge in the
fields of.aeronauﬁics and space ﬁay be illustrated with some specific
examples. Numerous requests for preprints and reprints of our work, as
well as suggestioﬁs for future research bearing on natiqnal interests,
have come from universities such as the University of Chicago and the
Universify of Washington; from government agencies, such as the Environmental
Science Services Administration; and from iﬁdustries such és the Honeywell
Radiation Center. In particular, copies of two letters, one from the Jet
Prbpuision Laboratory (which is supported pfimari1y by NASA) and the other
from the ﬁ.Sf Arm&lBallistic Research Laboratories, concerﬂing the
- relevance ouf work are attached in Appendix.I. A general awareness of our
féseérch in ERAL ié feflected in a lettef to Science (copy in Appendix I)

describing some of our activities.

 Appendix I./fbopies of Letters Related to the Impact of the UT/NASA Grant

Appendix II. Copies of Published Papers and Reports (15 of each)

'::,':
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JET PROPULSION LABORATORY California Instilute of Technology = 1800 Oak Grove Drive, Pasadena, California 91103
August 10, 1972

Refer to: B825~RAT:da

Professor Kenneth Fox
Department of Yhysics and Astroncmy
University of Tennessee

. Knoxville, Tennessee 37916

Dear Ken:

Thank you very much for the preprint on SO,. As you suggest,
I will not eirculate or distribute the maniiseript. The con-
tents are very interesting and I feel that your numbers for
the v_ band will be guite useful to us. However, 1if T find
it neéessary to quote your numbers for any work (such as data
reduction of flight data, ete), I will contact you first.

Sincerely yours, ,
Pt Titl

Robert Toth

Telephione 3544121 : Twx 213-449-2451



DEPARTMENT OF THE ARMYDE. Sniaer/ilm/sol-zfzs-'
U.s. ARMY BALLISTIC RESEARCH LADORATOREES '4681
ABERDEEN '?ROVING GROUND, MARYLAND 21005

19 Dec 72

Dr. Kenneth Fox . :
Department of Physics & Astronomy
University of Tennessec
Kuoxville, TN 37916

Dear Dr. Fox:

1 want to thank you for sending me the reprints and reports covering
your work on ngq Noz,'and CH4._ |
As you might know, we are currently using the technigue of infrared
emission spectroscopy to wmake minor constituent measurements in the
upper atmosphere. since the accuracy of +his technique depends on the
half-widths as well as the positions and iptensities of the lines, your
work is of considerable interest to us.

We would like to encourage you to continue this work, possibly extending
it to other molecules of atmospheric interest, such as 03 and_HNOB.

Sincerely yours,

Voot £ A

DONALD E. SNIDER
Aeronomy Branch
Concepts Analysis Laboratory



_ Astronomy and Air Pollution

In May 1972, astronomer Charles
G. Abbot of the Smithsenian Institu-
tion celebratcd his 100th birthday in
Washington, D.C. Several weeks before
this eveat, astronomers gathered . fol-
lowing a meeting of the American
Astronomical Society in Seattle, Wash-
ington, to discuss progress in a field
for which Abbot laid the foundation.
The Universiy of Washington spon-
sored a ]-day seminar entitled "The
Use of Astronomical Techniques for

the Study of Atmospheric Deteriora-.

tion,” at which the utilization of
"astronomical measurements to  deter-
ming properties of the atmosphere and
to monitor air poliution was discussed
(I). Two topics were considered: the
use of photometry to study the extine-
tion of lizht by small particles in the
‘atmosphere, and the use of speetro-
scopic techniques for determining the

congcentrations of moelecular contanii- |

nantis,

. A comprehensive study of the
aerosol content of the atmosphere in
North America, South America, and
Africa was provided by the efforts of
C. G. Abbot and his' co-workers, who
determined the atmospheric extinction
in connection with the Smithsonian's
study of the solar coostant from 1902
to 1950, Abbot was cxceedingly care-
ful to determine the transparency of
the atmosphere accurately and fre-
quently during the many years of the
solar constant program. The extinction
over the speciral range from 3500 A
to 1.6 pm showed that the atmospheric
aerosol content is lowest in the winter
and highest in the summer, an effect
‘also noted by others. A further correla-
tion was found between the atmo-
spheric transparency at all wavelengths
and the humidity, in the sense that
under circumstances of high humidity,
the transparency is low. Scientists from
the National Aeronautics and Space
Administration {(NASA} and the San
Diego State College, analyzing Abbot’s
da!a,'found a connectipn on a world-
wide scale betwzen the atmospheric
extinction and volcanic activity. This
connection was also noted by workers
at Lowell Observatory in Arizona. In
the latter case, however, the extinction
measurements . were  carricd out  at
night by utilizing photometry of the
outer planets instcad of direct photom-

" etry of the sun. At Lowell Obscrvatory,
at least, the average extinction for

- 1972 is not significantly different from
the lowest value observed during the

£ DECEMBER 1972

195('s, which suggests that extinction
variations in northern Arizona, until
now, have- been mainly aflected by
volcanic rather than human activity.
A large  number of obscrvalorics
around the world have submitted ex-
tinction data for possible atmospheric
use to Project ASTRA (Astronomicai
and Space Techniques for Research on
the Armosphere} ai the University of

- Washington. They have been examined

sufficiently to show -the presence of
seasonal variations of extinction similar
to thosc rcported by NASA. There is
also a definite decrease of extinction
with altitude, which indicates an acro-
sol scale height of abouwt 2 km. It is
interesting ito compare the data from

two observatories in India, one In

Hyderabad and cne 56 km avay from
the city. The latter shows very large

‘ extinction values that are virtually in-

distinguishable from those obtained at
the observatory in the city itseif, which
suggests a widespread uniformity of
aerosol. Data collected from astron-
omers who have used Mt. Wilson have
shown a steady deterioration over the
last 60 vears that can only be due to
the increased pollution of the atmo-
sphere in the Los Angeles valley. It
was noted at the meeting that Mt
Wilson was abandoned by the Smith-
sonian as early as 1920 because of
atmospheric  pollution.  Abbot  bad
written (2}, “Mount Wilson atmospher-
ic conditions had proved unsuitable,
and seemed steadily deteriorating for
these exacting purposes as Los Angeles
and neighboring towns expanded,”.
Among the surprising results ob-
tained in the studics of atmospheric
extinction was the discovery by several
astronomers of what appeared to be
an anomalous wavelength dependence.
The extinction due to acrosol is greater
in the red than i the blue. This seems
to be an effect that occurs frequently
only in sites where the aerosol content
is extremely low. However, on the rare
occasions when this anomalous wave-
length dependence is in effect during
periods of high acrosol content, a re-
markable result occurs: Objects are
blued instead of reddened, and a truc
“blue moon” can occur. Calculations
by Project ASTRA scientists using the
Mie equations suggest that for.this to
happen there must be a dominance of
particles of radius ncar 0.5 um, the
geometric standard deviations must be
small, and the imaginary part of the
refractive index cannot be larger than

- metric system for matching the absorp-

about 0.01. Thus, the anomalous extine-
tion characteristic itself may be a
property of atmosphere nerosol that is
subject to pollution effects by increases
in light absorption by soot and similar
particles. ‘
Comparisons of nephelomeiric data
with astronomical extinction measure-
ments have provided new possibilities
for the interpretation of each type of
measurcment in terms of the charac-
teristics of particles and their atmo-
spheric distribuiion, Reviews of prob-
terhs in the interpretation of aerosol
densities as determined by collections
on filters, by lidar backscattering
measurements, and by other technigques
related the astronomical measurcsments
more -¢losely to traditional determina-
tions of the nature and amount of
atmospheric contaminants,

High-resolution  spectroscopy hﬂ
long been an important tool for in-
vestigating stellar and planetary at-
mospheres, and many of its techniques
have been applied to the study of the
minor constituents of the earth’s at-
mosphere. The application of spectro-
scopic techniques in monitoring these
constituents and their concentvations
was discussed. In particular, it was sug-
gested that certain spectral lines of
CH, might be used to monitor its ter-
restrial abundance and to serve as an .
atmospheric thermometer through its
rotational temperature. —

Researchers . at the University of
Tennessee, Kitt Peak National Observ-
atory, the University of Hawaii, Po-
mona College, and the University of
Washington have been studying several
particularly noxious gases, such as SO.
and NQ,, in the laboratory and in the
atmoesphere, as well as theoretically.
One novel approach involves a photo-

tion minima and maxima of the spec- J
trum of a pollutant in a restricted
wavelength region with Fabry-Perot
filters. The technique is suitable for use
on small telescopes, and would thus
allow scientists to measure the temporal
variations of the contaminants in areas
of moderate to heavy pollution by us-
ing either fixed urban telescopes or
portable telescopes. It was suggested
that it might even be possible to mea-
sure the movement of clouds.of smog
over the telescope. This technique has
the advantage, too, that the spectrum
of the star used as a source is noi
critical, as long as it is not variable and
there are not too many deep absorp-
tion lines in the band under study.
Viewed by the moteorologist, the
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Seattlc mecting confirmed an  opinion
that is held by cerlain astronomers
that their data are a uscful adjunct to
routine air pollution monitoring nctivi-
tics, .While there arc  limitations in
astronomical data, these are wusuwally
smaller and better known than the
errots in other types of data. Astrono-
mers' can provide (i) nighttime extine-

tion data, (ii) a ncw set of remote

locations as well as some new urban
ones, (iii} a lengthy data record (be-
ginning in 1902 in the case of Abbot’s
data), amd (iv) a variety of new
measuring techniques.

Some conclusions reached through
astronomical  research that are. of
special interest to atmosphenc scien-
tists are as follows:

1) No global trends in extinclion
that can be ascribed to human causes
have been detected at remote locations
so far.

2) Both volcanic activity and some
apparently natural cycling of the bio-
sphere affect astronomical extinction;
the latter effect produces. an annual
pattern.

3) The transparency of the atmo-
sphere near cities continues to dete-
riorate in maost cases. :

4) The anomalous wavelength de-
pendence of extinction
unique aerosol size
background locations.

Also from the meteorological view-

distribution in

point, a number of gaps became ap-

parent in available knowledge. Perhaps
the most obvious one is the need for
coerdinating  extinction measurements
with local and synoptic meteorological

data. Certain biases exist becanse of.
the lack of extinction data for cloudy

periods. Also, effects have been dis-
covered that are due to dust derived
from upslope winds on mountaintops.
Since regional effects of human activity
will certainly be apparent before global
effects, studies of the transpdst of air
masses to and from observing sites
may be possible. :

Finally, another kind of pollut:on is -

of l¢ss concern to meteorologists. but
of vital concern to astronemers. Light

pollution, caused by the rapid expan- -

sion of outdoor lighting in citics and
even in open western countryside, has

been of great concern in many observa- -

tories recently, Greater public aware-
ness of the problem, research on more
cfficient Tamps {from the point of view
of increased ground illumination and
reduced light loss to. the sky); and

political action through the introdue-.

tion of c¢ity ordinances are amonyg the

suggests a.

pouls of astronomers in o various  re-
search centers of the Southwest.

At -the Seattle mecting asironomers
emphasized their concern about the
deterioration of the atnosphere,
through which most of the information

about -the universe must pass. Progress

.in the application of certain kinds of
astronomical data to research om at-

mospheric  detcrioration has  begun.
Much more must be done to under-
stand fully the implications of the data
and even more, of course, to turn the
tide. Charles Abbot may not have ex-
pected that his data and methods
would be used for these purposes, but
his are the best optical data available
over such a long time base and they
have come to us only because of his
painstaking care in gathering and re-

cording all available information in his -
. experiments.

P. W. HonGe

NELS LAULAINEN

R. J, CHARLSON
Departinent of Astrowoiny, University

of Washingron, Seaitle 98195

References

1. M. Laulainen and P, W. Hodge, Eds:, Project
ASTRA Publication 15 (Univ, of Washingion,
Senttle, 1972).

3. C. G. Abbot, The Sun and the Welfare of
Man {(Smithsonian Institution,
1929, p. 68

Forthcoming Events '

January

- ©-12, American Astronomieal Soc., Las
Cruces, N.M. (H. M. Gurin, AAS, 211
FitzRandoiph Rd., Princeton, N.J. 08540}

9—713, MNational Soc, of Professional En.
gineers, Salt Lake City, Utah. (P. H.
Robbins, NSPE, 2029 K §t., NW, Wash-
ington, D.C. 20006)

14-19. Protein Phosphorylation in Con-
trol Mecharisms, Miami, Fla. (W. 1.
Whelan, Dept,
of Medicine, Univ. of Miami, P.O. Box
875, Biscayne Annex, Miami 33152)

I5-16. Regional Envirornmental Man-
agernent Conf,, San Diepo, Calif. [L. E.
Coate, REMC, County of San Diego,
Environmental Development Agency, Inte-
grated Regional Environmental Manage-
ment {IREM) Project, 1600 Pacific Hwy.,
San Diego 92101) :

~ 15-17. Lunar Dynamics and- Qbserva-

tionsl Coordinate Systems, Houston, Tex.
(J. D. Mulhoiland, Lunar Science Imst.,

3303 NASA Rd. 1, Houston 77058)

153-18. American Crystallographic As-

soc., Gainesville, Fla. (Mrs. E. E. Snider,
“ACA, 315 E. 45 St

d5-1% Geophysics of the Earth and .
"+ the Oceans, 2nd inlern. conf,, Australian

New York 10017)

Inst. of Physics and Australian Soc. of

_Exploration Geophysicists, Sydney. (B. D.

SCIENCE, VOL. 178

MNew  York,”

of Biochemistry, School -



